Human immunodeficiency virus type 1 (HIV-1) is a causative agent of acquired immunodeficiency syndrome (AIDS). After the discovery of HIV-1, five classes of antiretroviral drugs have been developed and a combination of antiretroviral drug treatment (ART) effectively prevents viral replication under the detectable limit[@b1][@b2]. However, the infected individuals should continue the ART for life because interruption in the ART results in a rapid viral rebound[@b3][@b4][@b5]. Despite prolonged ART, HIV-1 persists as a transcriptionally inactive provirus in some cell types and at anatomical sites, which is defined as a HIV-1 latent reservoir[@b6]. This virus reservoir is now a major obstacle for HIV-1 cure, because the ART alone cannot eradicate this population. Interestingly, detailed studies of residual viremia have shown that the rebound virus is archival and non-evolving from the virus before ART[@b7][@b8][@b9]. Latently infected CD4 T cells harboring competent provirus are thought to be a major source of intact HIV-1.

The HIV-1 5′LTR, located at the 5′ end of the integrated provirus, contains the promoter and enhancer elements that accelerate HIV-1 transcription by host transcription factors, including NF-κB, NFAT, and Sp1[@b10][@b11][@b12]. The HIV-1-encoded regulatory protein Tat is necessary for sufficient viral transcription initiation and elongation[@b13][@b14]. In contrast, the integrated provirus forms a nucleosome structure that is affected by epigenetic regulation such as histone modification and DNA methylation. The regulators of histone acetylation and methylation negatively control HIV-1 transcription, leading to transcriptional latency[@b15][@b16][@b17][@b18].

HIV-1 transcription is frequently silenced by epigenetic changes in the residual reservoir under ART[@b6]. Reversing latency has been proposed to eliminate latently infected cells[@b19]. Several activation strategies combined with the ART have been attempted, including cytokine-based immune activation therapy using interleuin-2 (IL-2) or interferon-γ (IFN-γ) and prescriptions of epigenetic drugs[@b20][@b21][@b22][@b23][@b24]. In particular, inhibitors of epigenetic factors are respected as reagents to reactivate viruses in a large spectrum of reservoirs without inducing cell activation or proliferation. Recent clinical trials revealed that histone deacetylase (HDAC) inhibitors, valproic acid (VPA) and vorinostat (SAHA) could reactivate plasma viral RNA level in patients undergoing long-term ART[@b25][@b26].

Much attention has been paid to define how the viral latency is maintained and how the latent viruses can be effectively reactivated. By using some latent models, many researchers have reported the molecular mechanisms contributing to the maintenance of viral gene suppression, including the host epigenetic system, Tat mutation, sequence variation in the LTR, and depletion of elongation factors[@b27]. It is important to understand the mechanisms by which HIV-1 latency is established to make the latent reservoir size smaller. However, detailed information on establishment of latency is limited due to technical obstacles, such as lack of biological indicators or cell surface markers to distinguish the latently infected population from the uninfected one, which makes it difficult to study the molecular mechanisms of latency establishment, and a very low frequency of the HIV-1 reservoir is estimated in actually infected individuals[@b28]. The most difficult problem is that the small reservoir population possesses the capability to cause immunodeficiency again.

In the present study, we developed an original reporter virus, enabling us to dissect the infected and uninfected populations and to monitor the LTR kinetics from establishment to maintenance step. We found two modes of infection, the immediately silenced and active infections. We also identified the molecular underpinnings of HIV-1 silencing by comparing the two distinct populations. Histone methylation, particularly polycomb repressive complex 2 (PRC2)-mediated histone H3 lysine 27 (H3K27) trimethylation, appears to affect viral transcription at the early phase of infection. In addition, PRC2 also contributes to the time-dependent repression of LTR activity in the actively infected population. These two distinct populations showed differential responses to physiological and pharmacological stimulations. Intervention of epigenetic regulation by multi-targeting of histone modifiers resulted in restoring the LTR activity in both populations.

Results
=======

Establishment of a new HIV-1 silencing model
--------------------------------------------

To evaluate the dynamics of LTR activity at the early phase of HIV-1 infection, we developed an original lentivirus vector that carries the double reporter genes, LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* ([Fig. 1a](#f1){ref-type="fig"}). This reporter construct contains two different genes encoding fluorescent proteins, Venus and mRFP, whose expressions are controlled by the HIV-1 LTR sequence and EF1α promoter, respectively. EF1α promoter activity is stable, supporting that mRFP expression can be used as an infected cell indicator ([Supplementary Fig. 1a](#s1){ref-type="supplementary-material"}). In addition, this virus doesn\'t show any cytotoxicity because of the absence of viral genes except *tat*. We first transiently introduced the plasmids, CS--LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* and CS--LTR--empty--IRES--*Venus*--EF1α--*mRFP*, into 293FT cells. The expression levels of the two fluorescent proteins could be simultaneously monitored by flow cytometric analysis ([Fig. 1b](#f1){ref-type="fig"}). Compared with the *Tat*(−) vector, the *Tat*(+) vector induced high Venus expression, indicating that this reporter represented *in vivo* LTR action. Promoter interference appeared to be a little because the Venus level was directly proportional to mRFP expression.

Following this, we produced a VSV-G pseudotyped single-round reporter virus solution and transduced it in the Jurkat human T cell line to continuously evaluate the LTR activity after proviral integration into the host genome. The LTR activity within infected cells was defined by sequential gating beginning with FSC/SSC to select intact lymphocytes, subgating on the mRFP(+) and/or Venus(+) population, and calculating the Venus profile ([Fig. 1c](#f1){ref-type="fig"}). Venus expression was detected in cells with LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* virus compared with cells with *Tat*(−) reporter virus at 3 days post-infection (dpi), suggesting that the LTR activity was immediately silenced when cell lacked the Tat protein. The mean of LTR activity reached a peak 4 dpi and the LTR activity and Venus(+) population size gradually decreased during prolonged cultivation ([Fig. 1d](#f1){ref-type="fig"}). We confirmed using a single-color reporter (CS--LTR--*tat*--IRES--*Venus*) that the loss of LTR activity was not due to the effect of downstream EF1α promoter DNA ([Supplementary Figs. 1b--d](#s1){ref-type="supplementary-material"}). The LTR activity was substantially silenced at 40 dpi. We treated this population with PMA/Ionomycin or TNF-α as NF-κB activators and detected robust Venus expression, indicating that the decrease in Venus level was caused by LTR inactivation ([Fig. 1e](#f1){ref-type="fig"}). In addition, treatment with VPA restored the LTR activity in a dose-dependent manner, resembling the latently infected HIV-1 in ART-treated individuals[@b29] ([Fig. 1f](#f1){ref-type="fig"}). Thus, these data demonstrated that the new reporter system could represent the physiological silencing of HIV-1 transcription. We note that a part of infected cells remained as Venus(--).

Two modes of latency establishment
----------------------------------

We observed the establishment of HIV-1 infection in various cells. The human T cell lines, CCRF-CEM, SupT1, and Jurkat cells and HEK293FT cells were infected with the LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* virus and analyzed for Venus expression within the infected population \[Venus(+) and/or mRNP(+)\] at 3 dpi. We found that two major populations emerged in all the tested cell lines, one had strong Venus expression and the other showed weak or no Venus expression ([Figs. 1c](#f1){ref-type="fig"} and [2a](#f2){ref-type="fig"}). Further, we examined the LTR activity in human CD4 T cells, primary host cells of latency, by using the highly concentrated dual-color reporter, which allowed us to analyze the LTR activity without the viral protein-dependent cytotoxicity. Spinoculation method facilitated viral entry and following integration in non-dividing primary cells. Resting CD4+ T cells from a healthy donor were infected with the reporter, and the Venus expression within the infected population was evaluated at 3 dpi, which is an early phase of HIV-1 infection. We found substantial population of cells expressing the latency-associated fluorescent marker (Venus(--)/mRFP(+)) in primary CD4+ T cells ([Fig. 2b](#f2){ref-type="fig"}). T cell activation by anti-CD3/CD28 antibodies reduced the latently infected population.

To further characterize the distinct populations, we sorted the infected Jurkat cells by Venus/mRFP fluorescences. Each population could be sorted with a cell sorter system at 3 dpi and was subjected to the following analyses ([Fig. 3a](#f3){ref-type="fig"}): First, Alu-PCR analysis of genomic DNA detected similar amount of proviral DNA either in the actively or silently infected populations ([Fig. 3b](#f3){ref-type="fig"}). Absolute quantification of *Venus* mRNA level demonstrated that the Venus expression pattern appeared varied due to the transcriptional activity of LTR ([Fig. 3c](#f3){ref-type="fig"}). Indeed, transcriptional stimulation by PMA/Ionomycin or TNF-α treatment partially restored the LTR activity and *Venus* mRNA in the silent integration population ([Fig. 3d](#f3){ref-type="fig"}).

According to previous literatures, we investigated the epigenetic status of both integrated LTR in the above sample set. HIV-1 LTR contains some CpG sites that contribute to transcriptional repression[@b30][@b31]. However, bisulfate DNA sequencing showed no acquisition of CpG methylation at LTR in either population (data not shown). Whereas, evaluation of covalent histone modifications by ChIP assay revealed that histone H3 acetylation (H3Ac) and H3K4 trimethylation (H3K4me3), which were active histone markers, were specifically gained at the LTR region within the Venus(+) population ([Fig. 3e](#f3){ref-type="fig"}). In contrast, histone H3K27 trimethylation (H3K27me3), which was a general repressive histone marker, was specifically accumulated at the promoter region of LTR in the Venus(−) population ([Fig. 3e](#f3){ref-type="fig"}). Another repressive histone mark H3K9 trimethylation (H3K9me3), which has been implicated in HIV-1 latency, was not different between the two populations. To further address the LTR silencer during immediate latency establishment, we focused on levels of the H3K27me3 marker and its specific methyltransferase complex, polycomb repressive complex 2 (PRC2). ChIP assay revealed selective occupancies of EZH2 and SUZ12, essential components of PRC2, at the LTR region within the Venus(−) population ([Fig. 3f](#f3){ref-type="fig"}). Inhibition of PRC2 by treatment with DZNep, an inhibitor of EZH2 that was an PRC2 catalytic unit, partially reactivated the LTR activity in a dose-dependent manner, demonstrating participation of PRC2 in the immediate silencing of LTR ([Fig. 3g](#f3){ref-type="fig"}). Of note, co-treatment with DZNep and VPA or SAHA resulted in more effective LTR transactivation, suggesting that HDACs and PRC2 cooperate in the establishment of silent integration of HIV-1. Indeed, CTD-phosphorylated Pol II occupancy in LTR region was enhanced when PRC2 and HDAC were simultaneously inhibited ([Fig. 3h](#f3){ref-type="fig"}).

Involvement of PRC2 in establishing HIV-1 latency
-------------------------------------------------

HIV-1 integration preferentially occurs at active chromatin sites[@b32][@b33], where transcription is dynamically regulated by PRC2-mediated chromatin conformation. The results of ChIP assay and reactivation study implicated the involvement of PRC2 in the early phase of HIV-1 transcription silencing ([Fig. 3](#f3){ref-type="fig"}). We performed knockdown experiments using shRNAs against PRC2 components EZH2 and SUZ12 to gain mechanistic insight into the contribution of PRC2 in the induction of LTR silencing. We tested previously validated shRNA sequences and selected one shRNA that showed the highest knockdown efficiency ([Fig. 4a](#f4){ref-type="fig"}). Durable gene suppression was achieved by retrovirus-mediated stable shRNA expression. Jurkat cells were first transduced with shRNA-expressing retrovirus to establish stable knockdown and then infected with the reporter virus ([Fig. 4b--g](#f4){ref-type="fig"}). Flow cytometry plots with sequential gating with FSC/SSC and mRFP/Venus profiles revealed that the population size of the Venus(−) cells declined in the SUZ12- and EZH2-knockdowned or DZNep pre-treated cells ([Fig. 4c--d](#f4){ref-type="fig"}). Alu-PCR showed almost the same amount of integrated LTR in these cells ([Fig. 4e](#f4){ref-type="fig"}). ChIP assay also demonstrated the reduction of H3K27me3 level on LTR region in the PRC2-depleted cells, suggesting rapid accumulation of the repressive histone modification in a part of infected population ([Fig. 4f](#f4){ref-type="fig"}). A continuous culture revealed that PRC2 depletion induced higher LTR activity at the early time point (4 dpi) and inhibited time-dependent LTR silencing ([Fig. 4g](#f4){ref-type="fig"}). Thus, PRC2 is suggested to be involved in rapid formation of the latently infected population.

To validate these results based on the new reporter construct, we employed a single-round HIV-1, which is a more practical model of HIV-1 infection. The molecular clone pNLnGFP-Kp, in which *env* contains a frame shift mutation, encodes EGFP in the *nef* region*,* enabling measurement of the LTR activity by the detection of EGFP fluorescence ([Fig. 5a](#f5){ref-type="fig"}). EGFP activity reached a peak at 3 dpi and then decreased during culture under optimum conditions mainly because of viral cytotoxic effects ([Fig. 5b](#f5){ref-type="fig"}). However, re-expression of EGFP was induced by treatment with TNF-α or HDAC inhibitor TSA at 14 dpi, suggesting the existence of latently infected cells in the EGFP(−) populations ([Fig. 5c](#f5){ref-type="fig"}). This result also suggested that an epigenetic mechanism contributes to the LTR silencing, because HDAC inhibition could effectively reactivate LTR. We found that inhibition of EZH2 by DZNep in this population could also induce EGFP expression, indicating that the small population epigenetically remained as a latent population ([Fig. 5c](#f5){ref-type="fig"}). Intriguingly, T cell activation could reactivate the EGFP(+) population at 3 days post single-round virus infection ([Fig. 5d--e](#f5){ref-type="fig"}). The reactivatable population size in PMA/Ionomycin treatment was larger than that of the EGFP expressing population at 4 days under normal cultivation, suggesting that silent integration occurs at the early time point of HIV-1 infection ([Fig. 5e](#f5){ref-type="fig"}).

To address the PRC2 function in latency establishment in HIV-1 infection, we performed EZH2 and SUZ12 knockdown prior to infection of the single-round HIV-1 ([Fig. 5f](#f5){ref-type="fig"}). Similar infectivity of HIV-1 was confirmed by Alu-PCR ([Fig. 5g](#f5){ref-type="fig"}). Transition of EGFP expression revealed that the LTR activity was higher in EZH2- or SUZ12-knockdowned cells than the control cells ([Fig. 5h](#f5){ref-type="fig"}). Furthermore, pre-treatment with DZNep and VPA showed similar results ([Fig. 5h--j](#f5){ref-type="fig"}). Collectively, the results suggested that PRC2 negatively regulates the LTR activity immediately after integration of HIV-1, which may contribute to the establishment of silent integration.

Epigenetic suppression in actively integrated population
--------------------------------------------------------

After infection of the reporter virus, the LTR activity in the actively infected population was gradually reduced during long-term culture ([Figs. 1d](#f1){ref-type="fig"} and [6a](#f6){ref-type="fig"}). At 60 dpi, actively Venus expressing population was significantly decreased, resulting in substantial silencing of the LTR. ChIP assay revealed progressive gain of suppressive histone methylations in H3K27 and H3K9 during establishment of global latency ([Fig. 6b](#f6){ref-type="fig"}). In addition, loss of the H3Ac marker indicated an epigenetic shift in transcriptional silencing. In contrast, the status of DNA methylation at the LTR region did not change over a long period (data not shown). Indeed, treating the SAHA or DZNep clearly prevented LTR silencing in the originally LTR active population ([Fig. 6c](#f6){ref-type="fig"}). We further addressed the usefulness of a next generation EZH2 inhibitor, GSK126[@b34], in HIV-1 reactivation. GSK126 can specifically inhibit EZH2 activity. As a result, the GSK126-treated culture retained the Venus(+) population ([Fig. 6c](#f6){ref-type="fig"}). Taken together, our results of the new reporter virus demonstrated that the transcriptional silencing of HIV-1 is established by two distinct mechanisms. A part of the infected cells possess epigenetically silenced LTR from the beginning of the infection. HIV-1 with a residual population is also epigenetically suppressed during long period. We found a significant difference in sensitivity against exogenous stimulation between the two distinctly infected populations. We compared the time-dependent silenced population from active infection (Venus(+) population) and the originally silenced population (Venus(−) population) by stimulating with TNF-α or PMA/Ionomycin. As a result, the LTR in the gradually silenced population was easily reactivated by exogenous stimulation. In contrast, the originally silenced LTR showed low sensitivity ([Fig. 6d](#f6){ref-type="fig"}). We also treated the distinct population cultures with DZNep, VPA, or SAHA. As results, both populations could be significantly reactivated by the epigenetic drug combination ([Fig. 6e](#f6){ref-type="fig"}). Of note, the time-dependent suppressed LTR was more susceptible than the immediately silenced population. GSK126 treatment in latently LTR also resulted in effective restoration of the LTR activity in both populations ([Fig. 6e](#f6){ref-type="fig"}). These data collectively suggest that the heterogeneous mechanisms of HIV-1 silencing exist; one of them is established immediately after integration. Another mechanism is gradually formed in a time-dependent manner and is more susceptible to signal activation or epigenetic reconstruction. Histone modifications appear to be one common molecular mechanism. We further confirmed LTR reactivation in the latently infected resting CD4+ T cell population by T cell activation signal and epigenetic drugs ([Fig. 6f](#f6){ref-type="fig"}).

Polycomb-mediated epigenetic silencing of HIV-1
-----------------------------------------------

The results of the new reporter virus prompted us to address the PRC2 contribution in the establishment of HIV-1 latency. Therefore, we utilized two additional latency models, Hela/LTR-luciferase and U1 cells, to analyze the PRC2 function in the regulation of HIV-1 latency. Knockdown of the PRC2 factors, EZH2 and SUZ12, released the LTR activity in HeLa cells ([Fig. 7a--b](#f7){ref-type="fig"}). In addition, SUZ12 depletion led to increased sensitivity against the Tat protein ([Fig. 7c](#f7){ref-type="fig"}) and *vice versa*. Indeed, enforced SUZ12 expression by plasmid transfection suppressed Tat-dependent LTR transactivation ([Fig. 7d](#f7){ref-type="fig"}). Similar results were obtained from the U1 cell, which was chronically infected with HIV-1[@b35]. Knockdown of EZH2 or SUZ12 altered histone methylation levels at the promoter region of host *MYT1*, whose expression was constantly regulated by a PRC2-mediated epigenetic mechanism ([Fig. 7e--f](#f7){ref-type="fig"}). In these PRC2-knockdowned cells, the H3K27me3 mark at the LTR region was substantially diminished ([Fig. 7g](#f7){ref-type="fig"}). Viral gene transcription was activated in EZH2- and SUZ12-knockdown cells. These cells showed high sensitivity against TNF-α stimulation, suggesting that PRC2-dependent histone methylation significantly affected viral gene regulation ([Fig. 7h](#f7){ref-type="fig"}). Depletion of PRC2 function did not have any effects on other histone markers. Collectively, PRC2 is a host restriction complex at the establishment and maintenance of LTR silencing by regulating epigenetic states in the LTR region.

Discussion
==========

So far, many researchers have developed original models to investigate the mechanism of HIV-1 latency and revealed several molecular states of the stably silenced 5′LTR sequence[@b36]. However, a detailed mechanism in the establishment step of the transcriptional dormancy is not fully understood, because of the low frequency of cells harboring silenced HIV-1 and lack of methods to detect such populations in the early phase of HIV-1 infection. In this study, we developed a new reporter virus that carries two different fluorescent genes downstream in LTR and constitutive promoter EF1α, enabling us to analyze the dynamic regulation of the LTR activity. It also allowed us to address a series of epigenetic changes in a fixed, integrated LTR sequence because of the absence of new infection and toxicity from viral gene expression. The Alu-PCR method ensured proviral integration in the interested populations. Using the unbiased model, we identified two ways of transcriptional repression of HIV-1, i.e., expeditious disappearance and continuous decline of HIV-1 gene expression. Surprisingly, one infected population showed very low LTR activity immediately after infection in various cell types, including T cell lines and primary CD4+ T cells ([Fig. 2](#f2){ref-type="fig"}). NL4-3 strain-derived single-round HIV-1 also produced a similar LTR-repressed population at the early phase of T cell infection ([Fig. 5](#f5){ref-type="fig"}). However, the other population presented strong LTR promoter activity immediately after infection, which was gradually suppressed during long-term cultivation ([Fig. 6](#f6){ref-type="fig"}).

Accumulated evidence suggests that host epigenetic factors appear to restrict gene expression from HIV-1 provirus and its propagation in chronically infected individuals[@b26][@b37]. However, mechanistic insight into the establishment of transcriptional latency has not been implicated because most previous studies have used stably silenced LTR models. Making use of the traits of the new dual-color reporter mentioned above, we could visualize the epigenetic heterogeneity in LTR at the latency establishment step. Evaluation of covalent histone markers revealed that trimethylation at H3K27 was significantly accumulated at the early phase of infection, particularly the promoter region of LTR in the quickly silenced population. H3K9 trimethylation, which involved transcriptional repression, was not different between the two populations at the early point. H3K27 methylation is catalyzed by PRC2 factors including EZH2, SUZ12, and EED. Recently, Friedman et al. reported the involvement of EZH2 in the maintenance of HIV-1 silencing by using their latent model Jurkat E4 clone[@b38]. It has been noted that the HIV-1 provirus is preferentially integrated in the euchromatic region where basal transcription activity is dynamically regulated by PRC2-mediated H3K27me3[@b32][@b39][@b40]. We prevented PRC2 function by treating with DZNep or the novel EZH2 inhibitor GSK126 and could elevate LTR activity from the immediate silent population ([Fig. 3g](#f3){ref-type="fig"} and [6e](#f6){ref-type="fig"}). shRNA-directed EZH2 depletion prior to LTR integration resulted in an imbalance of immediate silent and active infections ([Fig. 4](#f4){ref-type="fig"}). The fact that the decline of SUZ12 led to the same result indicated the importance of the complex-dependent epigenetic manner in the immediate silencing. ChIP assay with EZH2 and SUZ12 antibodies demonstrated occupancy of the PRC2 factor at transcription start site (TSS) in LTR ([Fig. 3f](#f3){ref-type="fig"}). Collectively, our data suggest that PRC2-dependent epigenetic control of LTR is involved in the establishment of immediate silent infection. In contrast, silencing-associated DNA methylation was not detected in our model. Importantly, we also observed that major active histone modifications, H3K4 trimethylation and histone acetylation, were significantly higher in the actively infected population than the immediately silenced population ([Fig. 3e](#f3){ref-type="fig"}). Indeed, HDAC inhibitors such as VPA and SAHA, which are implicated as new drugs to purge latently infected cells[@b41], could reactivate LTR. Of note, cooperation of histone acetylation and H3K27me3 appeared to coordinate the actual LTR activity ([Fig. 3g](#f3){ref-type="fig"}, [6e--f](#f6){ref-type="fig"}). Further study about H3K4me3 and its regulator trithorax group, which is a cellular counterpart of polycomb, may help to understand the molecular basis of the early step of HIV-1 regulation.

Time-dependent regression of the LTR activity has certainly been implicated. Because this reporter does not express toxic viral genes and expresses fluorescent proteins enabling us to purify the populations involved, we addressed the dynamic course of LTR repression in the actively infected population. Expectedly, the LTR activity within the active population gradually reduced during culture under normal conditions. Interestingly, ChIP assay revealed that H3K27me3 accumulated at the LTR region in the time-dependent silenced population was similar to the immediately silent population ([Fig. 6b](#f6){ref-type="fig"}). These data suggest that PRC2-mediated H3K27me3 and its negative gene regulation may contribute to HIV-1 silencing between the early phase establishment and late phase maintenance of HIV-1 latency. Whereas, the acquisition of H3K9me3, which has already been implicated in HIV-1 latency[@b42][@b43], appears to be involved in late stage maintenance of HIV-1 latency. Importantly, LTR responses to epigenetic drugs and exogenous stimuli clearly differed in the two distinct populations. We found that the repressed LTR in the originally active infection population was highly sensitive not only to NF-κB stimulators but also to epigenetic drugs compared with the immediately silent population ([Fig. 6d--e](#f6){ref-type="fig"}). In addition to the epigenetic regulation, other mechanisms such as integration site preferences or differences in host factor expression could be associated with determining the robustness of LTR latency[@b44][@b45][@b46][@b47][@b48]. Of late, noninduced HIV-1 provirus was identified in clinical samples[@b49]. The strong suppression appeared to occur by transcriptional dormancy, leading to an underestimation of latent reservoir size based on a T cell activation survey. The immediately silenced population that we identified in this study might explain this concept. By combining our reporter system with massively parallel DNA sequencing or comprehensive expression profiling, we will be able to clarify the residual question in the near future.

In the context of an epigenetic maintenance in LTR regulation, components of the polycomb family appear to be categorized as host restriction factors because SUZ12 overexpression inhibited Tat-mediated LTR activation, and *vice versa* in stable latent models ([Fig. 7](#f7){ref-type="fig"}). PRC2 has central roles in the regulation of expression of a number of host genes[@b50]. We recently reported that aberrant activation of PRC2 leads to microRNA suppression, which in turn activates NF-κB signaling in T cells[@b51]. Understanding the accurate regulatory mechanism and function of PRC2 in T cells may be helpful for intervention of latent HIV-1. It is also necessary to understand the molecular mechanisms of how PRC2 is recruited to LTR in the latency population. Recruiters of mammalian PRC2 appear to be locus specific and still largely unknown. In addition, one major challenge is to delineate the role of Tat in epigenetic regulation of LTR. Absence of *Tat* creates robust latent population ([Fig. 1](#f1){ref-type="fig"}). Because Tat fluctuation drives phenotypic diversity[@b52], interplay between host epigenetic factors and viral factors may dominate the integrated LTR activity.

Resting CD4+ T cells are largely non-permissive for HIV-1 replication because of high activity of triphosphohydrolase SAMHD1[@b53] and rigid actin cortex barrier[@b54]. To simply examine the dynamic activity and epigenetic state of LTR integrated in the quiescent primary CD4+ T cells, we performed reporter infection in non-activated CD4+ T cell by using the rigorously concentrated dual-color reporter virus, which is derived from single-round high-titer lentivirus system[@b55]. Spinoculation method[@b56] facilitates viral entry and following integration in resting CD4+ T cell. [Figure 2b](#f2){ref-type="fig"} have shown the heterogeneity of LTR activity in resting CD4+ T cells. It clearly reflected that number of cells having Venus expression increased upon CD3/CD28 stimulation, indicating that many cells are productive as compared to the resting stage. There are many articles, which support this observation *in vitro* and *in vivo*.

Taken together, results from studies with new reporter and some latent models have illustrated that PRC2 plays key roles in the establishment and maintenance of virus transcriptional repression. The distinct ways of infection produced at least two latently infected populations. Although the clinical importance of these populations is still open to question, our findings raise the interesting possibility that PRC2 depletion reduces the size of the deeply inactivated virus population ([Fig. 4](#f4){ref-type="fig"}). Furthermore, co-treatment with PRC2 and HDAC inhibitors more effectively restored the silenced LTR activity in both cell line models and resting CD4+ T cells. Our observations suggest that PRC2 inhibition may be a valuable future strategy to prevent establishment of HIV-1 silencing and eliminate latent reservoirs, which is an urgent challenge in HIV studies. Because epigenetic markers are potentially reversible, genuine epigenetic-targeted therapy may hold great promise for HIV-1 eradication.

Methods
=======

Cell culture and drug treatments
--------------------------------

Jurkat, Molt4, CCRF-CEM, SupT1 and U1 cells were maintained in RPMI1640 medium (GIBCO) with 10% fetal bovine serum (FBS, GIBCO), and antibiotics (GIBCO). For exogenous stimulation, the cells were treated with PMA (LC Laboratories), Ionomycin (CALBIOCHEM), or TNF-α (R&D systems). For inhibition of epigenetic factors, the cells were treated with the indicated concentrations of VPA (SIGMA), SAHA (Cayman), TSA (SIGMA), 3-deazaneplanocin A (DZNep, Cayman), or GSK126 (Chemie Tek). HEK293T, HEK293FT, and Hela/LTR-luciferase cells were maintained in DMEM with 10% FBS and antibiotics. Human peripheral blood mononuclear cells (PBMCs) were prepared from whole blood of healthy donors by density gradient centrifugation with Ficoll-Paque (GE healthcare). CD4+ T cells were purified by CD4+ T cell isolation kit (Miltenyi Biotec) and maintained in RPMI1640 with 10% of FBS. T cell activation was accomplished by treating the anti-CD3/CD28 antibodies (Miltenyi Biotec).

Generation and transduction of dual-color reporter virus
--------------------------------------------------------

For generation of the dual-color reporter lentivirus DNA, Replication-defective, self-inactivating lentivirus vectors CSII--EF--MCS--IRES2--Venus and CS--RfA--EF--mRFP1 were used[@b55]. DNA primers used for generating the vectors are described in [supplementary information](#s1){ref-type="supplementary-material"}. HIV-1 LTR sequence was obtained from genomic DNA of HIV-1 NL4-3-infected Molt4 cells by PCR amplification with a primer set (AgeI LTR forward and AgeI LTR reverse). The amplified LTR DNA was inserted into an EF1α promoter region of the CSII--EF--MCS--IRES2--Venus plasmid. Tat cDNA from HIV-1 NL4-3 was amplified by PCR with a primer set (NotI Tat forward and BamHI Tat reverse) and inserted into NotI and BamHI sites within CSII--LTR--MCS--IRES2--Venus plasmid. The established LTR--Tat/empty--IRES2--Venus sequence was amplified by PCR with primers (SalI LTR-Tat-IRES-Venus For and XbaI LTR-Tat-IRES-Venus Rev), followed by cloning into pENTR4-H1 vector at SalI and XbaI sites. The produced entry vector was recombined with a CS--RfA--EF--mRFP1 vector by Gateway LR Clonase II Enzyme Mix (Invitrogen).

For production of reporter virus, the accomplished lentiviral plasmid vector (CS--LTR--*Tat*/empty--IRES--*Venus*--EF--*mRFP*) was co-transfected with the packaging plasmids (pCAG-HIVgp and pCMV-VSV-G-RSV-Rev) into 293FT cells. High-titer viral solutions were prepared by centrifugation-based concentration at 8,000 *× g* for at least 3 hours and used for transduction into target cells. 1 × 10^6^ cells were infected with the lentivirus by spinoculation method (1,800 rpm, 2 hours) and then cultured in 2 ml of RPMI1640 with 10% FCS. For primary CD4+ T cells, approximately 20 ml of VSV-G-pseudotyped reporter virus solution from the transfection supernatant were concentrated by centrifugation and used for 1 × 10^6^ primary T cells.

Single-round HIV infection
--------------------------

A single-round HIV molecular clone pNLnGFP-Kp[@b57] was provided from Prof. A. Adachi, Tokushima University, Japan. The plasmid and the VSV-G- and Rev-expressing vector were co-transfected into 293FT cells. At 48 hours post-transfection, the culture supernatant was 0.45 μm filtrated and concentrated by centrifugation at 8,000 × *g*, 3 hours at 4°C. The collected virus solution was immediately used or kept in −80°C freezer.

Flow cytometric analysis
------------------------

Expression levels of florescent proteins were analyzed by FACSCalibur (BD). The reporter-introduced cells were harvested and re-suspended in 0.3% FBS/PBS. LTR activity in the infected population was defined by calculating the expression levels of Venus (FL1) and mRFP (FL3). For EGFP detection, the single-round HIV-infected cells were fixed by 3% formaldehyde before flow cytometry. CD4+ T cells were defined by staining with APC-conjugated anti-Human CD4 antibody (BD, 551980)

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

Histone covalent modifications were quantified by PCR-ChIP assay[@b58] with some modifications. Briefly, the cells (1 × 10^6^) were cross-linked with 1% formaldehyde for 15 min at room temperature, washed with PBS at 4°C, and suspended in SDS-lysis buffer (50 mM Tris-HCl, 1% SDS, 10 mM EDTA, pH 8.1, protease inhibitor cocktail). The lysate was then sonicated on ice for 1 min 40 sec (Astreson ultrasonic processor, MISONIX Inc.). After centrifugation, the supernatants were subjected to immunoprecipitation with specific antibodies; anti-H3K27me3 (Active Motif, \#39155), anti-H3K9me3 (Abcam, \#ab8898-100), anti-H3K4me3 (Cell Signaling, \#9751S), anti-AcH3 (Millipore, \#06-599), anti-EZH2 (Cell Signaling, \#5246S), anti- SUZ12 (Cell Signaling, \#3737S), anti-CTD-phosphorylated Pol II (COVANCE, MMS-134R), anti-normal Rabbit IgG (Cell Signaling, \#2729S). The precipitated DNA was purified and analyzed by real-time PCR with specific primers ([supplementary information](#s1){ref-type="supplementary-material"}).

Retroviral shRNA knockdown
--------------------------

shRNA-expressing retroviral vector (pSINsi-U6, TAKARA, Japan) was used for EZH2 and SUZ12 knockdowns. The specific retroviral vectors were established by insertion of synthesized oligonucleotides using BamHI and ClaI sites. Sequences of the inserted oligonucleotides have previously been tested ([supplementary information](#s1){ref-type="supplementary-material"}). Retrovirus production was carried out in 293T cells with the pSIN vector, pGP vector (*gag-pol* coding, TAKARA), and pCMV-VSV-G-RSV-Rev. At 48 hours post-transfection, the retrovirus solution was 0.45 μm filtrated, concentrated by centrifugation, and added to target cells for 24 hours establishment. The transduced cells were selected with 0.5 mg/ml of G418 for 5--6 days.

Western blotting
----------------

Whole cell lysates were analyzed by 7.5 to 10% acrylamide Tris-HCl buffered SDS-PAGE. Western blots were performed with first antibodies listed below; β-actin (SantaCruz Biotechnology, sc-8432), EZH2 (Cell Signaling, \#3147S), SUZ12 (Cell Signaling, \#3737S). Alkaline phosphatase-conjugated anti-mouse or anti-rabbit IgG was used as a secondary antibody. BCIP/NBT substrate (Promega) with ALP buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 50 mM MgCl~2~) was used for detection.

PCR
---

Total RNA isolation was performed using ISOGEN (Wako, Japan). The DNaseI-treated total RNA was subjected to reverse-transcriptase (RT) reaction using SuperScript II (Invitrogen) with manufacturer\'s protocol. The oligo dT primers-based synthesized cDNA was analyzed by quantitative PCR using real-time PCR system (Thermal cycler Dice, TAKARA). The specific PCR was performed using gene-specific primers and SYBRGreen (TAKARA). The level of *β-actin* was quantified for internal control. Absolute copy number was determined by standard curve method. Genomic DNA in each infected population was extracted using QIAamp DNA Blood Mini Kit (QIAGEN). Alu-based PCR was performed to quantify integrated HIV-1 provirus, as previously described[@b59].

Reporter gene assay
-------------------

HeLa/LTR-luciferase cells were previously established[@b58]. The firefly luciferase activity was analyzed by luciferase reporter assay system (Promega) and normalized by protein concentration of cell lysate.
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![Establishment of new HIV-1 silencing model.\
(a) Construction of dual-color reporter lentivirus. Venus and mRFP expressions are controlled by LTR and EF1α promoter, respectively. *Tat* was inserted downstream of the LTR sequence. (b) HEK293FT cells were transiently transfected with the CS--LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* or CS--LTR--empty--IRES--*Venus*--EF1α--*mRFP* plasmid. The expression levels of the fluorescent proteins at 2 days post transfection were analyzed by flow cytometry. (c) Jurkat T cell line was infected with the CS--LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* or CS--LTR--empty--IRES--*Venus*--EF1α--*mRFP* lentivirus*.* The LTR activity within infected population was defined by sequential gating beginning with FSC/SSC to select intact lymphocytes (left scatter plot), subgating on the mRFP(+) and/or Venus(+) population (middle scatter plots). Venus expression level within the infected population was shown in histogram plots (right). (d) Kinetic analysis within the infected population (n = 3, mean ± SD). Upper graph shows kinetics of Venus mean fluorescence intensity (MFI); middle and lower show proportions of Venus(+) and mRFP(+) cells (%). (e,f) The LTR-silenced total population (48 days post infection (dpi)) were treated with TNF-α (10 ng/ml) for 16 hours or PMA (100 ng/ml)/Ionomycin (1 μM) for 24 hours (e) and VPA (indicated concentrations) for 48 hours (f). The Venus MFI (left) and Venus(+) population size (right) are shown (n = 3, mean ± SD).](srep07701-f1){#f1}

![LTR activity at establishment phase of HIV-1 infection.\
(a) Jurkat, CCRF-CEM, and SupT1 human T cell lines and HEK293T cells were infected with LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* virus. The LTR activity within infected population (mRFP(+) and/or Venus(+)) was evaluated by flow cytometry at 3 dpi. (b) CD4+ T cells from a healthy donor were infected with LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* virus. Flow cytometry plots represent Venus level within live, CD4(+), and mRFP(+) and/or Venus(+) cells, based on the FSC/SSC and fluorescence profiles of the complete culture at 3 dpi. T cell activation was accomplished by treating the anti-CD3/CD28 antibodies for 3 days. Data are representative of three independent experiments.](srep07701-f2){#f2}

![Epigenetic heterogeneity in HIV-1-infected sub-population.\
(a) An experimental strategy to investigate molecular basis of LTR silencing. Jurkat cells infected with the LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* were sorted based on Venus and mRFP fluorescences at 3 dpi. The post-sorted populations were cultured individually and then subjected into molecular analyses (n = 3, representative data). (b) Proviral load from the both infected populations (10 dpi) was evaluated by Alu-PCR method (n = 3, mean ± SD). Albumin DNA was also analyzed as an internal standard. (c) *Venus* mRNA amount was absolutely quantified in Venus(−) and Venus(+) populations (n = 3, mean ± SD). *β-actin* mRNA level was measured as an internal control. (d) The Venus(−) population (20 dpi) was treated with PMA/Ionomycin (24 hours) or TNF-α (24 and 48 hours). Venus MFI (left) and absolute *Venus* mRNA amount (right) were determined (n = 3, mean ± SD). (e) ChIP assay. Histone covalent modifications at LTR region in the sorted Venus(+) and Venus(−) sub-populations were analyzed by PCR-based ChIP assay at 13 dpi. Positions of primer sets for the real-time PCR are indicated in upper diagram. H3 acetylation (AcH3), H3K4 trimethylation (H3K4me3), H3K9 trimethylation (H3K9me3), and H3K27 trimethylation (H3K27me3) were analyzed using specific antibodies. Enrichment values relative to control IgG and LTR positions are plotted (n = 3, mean ± SD). (f) The two distinct populations (13 dpi) were subjected in ChIP assay with anti-EZH2, anti-SUZ12, and control antibodies (n = 3, mean ± SD). (g,h) Venus(−) population (20 dpi) was treated with indicated dose of PRC2 inhibitor DZNep and HDAC inhibitors VPA and SAHA for 48 hours. The reactivated Venus MFI (g) and CTD-phosphorylated Pol II occupancy (h) were evaluated by flow cytometry and ChIP assay, respectively (n = 3, mean ± SD).](srep07701-f3){#f3}

![Involvement of PRC2 in silencing establishment.\
(a) Previously confirmed shRNAs targeting *EZH2* and *SUZ12* were introduced in Jurkat cells by retrovirus vectors. Western blots showed knockdown efficiencies of the EZH2 (left) and SUZ12 (right). shSc indicates a scrambled control shRNA[@b32]. β-actin was evaluated as an internal control. Original data are presented in [Supplementary Figure 2](#s1){ref-type="supplementary-material"}. shEZH2-A and shSUZ12-A are mainly used for the following experiments. (b) An experimental procedure to examine the role of PRC2 in HIV-1 silencing. Prior to the dual-color reporter infection, knockdown of PRC2 factors was accomplished by retrovirus-mediated shRNA expression. The *Tat*(+) dual-color reporter virus was then inoculated into the EZH2- or SUZ12-depleted Jurkat cells. (c) Knockdown efficiencies of EZH2 and SUZ12 were confirmed by Western blots. Original data are presented in [Supplementary Figure 2](#s1){ref-type="supplementary-material"}. (d) Proportional size of Venus(+)/Venus(−) were determined at 4 dpi by flow cytometry (n = 3, mean ± SD). (e) Proviral load from the PRC2-depleted infected populations (4 dpi) evaluated by Alu-PCR (n = 3, mean ± SD). (f) H3K27me3 level on LTR region at 4dpi (n = 3, mean ± SD). (g) The shRNA-expressing and reporter-infected cells were continuously cultured and profiled the Venus/mRFP expression. Venus MFI within infected population was plotted for 14 dpi (n = 3, mean ± SD).](srep07701-f4){#f4}

![Latency establishment in single-round HIV-1.\
(a) Proviral structure of a single-round HIV-1 pNLnGFP-Kp[@b31]. The concentrated, VSV-G-pseudotyped virus could be effectively introduced in targeted T cell lines. The LTR activity could be directly monitored by EGFP detection. (b) Molt4 T cell line was infected with the single-round HIV-1. After washout of residual viruses, the cells were continuously cultured under the normal condition. The EGFP MFI was determined by flow cytometry (n = 3, mean ± SD). (c) Molt4 cells infected with the single-round HIV-1 were treated with TNF-α (10 ng/ml, 16 hours), TSA (500 nM, 16 hours), or DZNep (5 μM, 48 hours) at 14 dpi. The reactivated population size was defined as EGFP positivity. Data are representative of three independent experiments. (d,e) CCRF-CEM cells were infected with the single-round HIV-1 and analyzed the EGFP(+) population size (n = 3, mean ± SD) (d). Arrow indicates time point of drug treatment. The infected cells (2 dpi) were treated with PMA (100 ng/ml)/Ionomycin (1 μM) for 24 hours. The EGFP expression pattern was determined by flow cytometry at 3 dpi (Data are representative of three independent experiments) (e). (f--h) Influence of PRC2 pre-inhibition. Molt4 cells were infected with the shRNA-expressing retroviruses prior to infection of the single-round HIV-1 (f). The viral DNA was quantified by Alu-PCR at 2 dpi (n = 3, mean ± SD) (g). After the single-round HIV-1 infection, the EGFP expression was continuously examined by flow cytometry (n = 3, mean ± SD) (h). (i,j), Jurkat cells were pre-treated with VPA (i) and DZNep (j) for 48 hours and then infected with the single-round HIV-1. EGFP expression levels were evaluated at 3 dpi (Data are representative of three independent experiments).](srep07701-f5){#f5}

![LTR silencing in actively infected cells.\
(a) Jurkat cells were infected with the LTR--*Tat*--IRES--*Venus*--EF1α--*mRFP* virus. The Venus(+) population was sorted based on the Venus expression at 3 dpi and cultured individually for 60 days. LTR activity was evaluated by Venus expression level. The flow cytometry histograms (upper histogram) and the progress of MFI (middle graph) and proportion of Venus(+) population (lower graph) are presented (red line). The progress of immediately silenced population is also depicted (blue line) (n = 3, mean ± SD). (b) ChIP assay with indicated antibodies at 10 and 60 dpi revealed changes of the histone modifications at the LTR promoter region in the immediately silenced population (shown as Venus(−)) and the time-dependent silenced population (shown as Venus(+) (n = 3, mean ± SD). (c) The sorted Venus(+) population at 7 dpi was treated with the epigenetic drug combination for 18 days. The transition of Venus expression was examined by flow cytometry. The population size of Venus-silenced cells was plotted (n = 3, mean ± SD). (d,e) The time-dependent silenced population from active infection (Venus(+), red bar) and the originally silenced population (Venus(−), blue bar) were treated with TNF-α or PMA/Ionomycin for 24 hours (d) and DZNep, VPA, or SAHA for 48 hours or GSK126 for 96 hours (e) at 120 dpi. The LTR activity was evaluated by Venus MFI (n = 3, mean ± SD). (f) Resting CD4+ T cells were infected with the dual-color reporter virus and then reactivated with indicated drugs for 3 days. Venus(+) population size within the infected cells at 6 dpi were shown (n = 3, mean ± SD).](srep07701-f6){#f6}

![Role of PRC2 in LTR regulation.\
(a--d) PRC2 contributes to LTR silencing in HeLa/LTR-luciferase cells. HeLa/LTR-luciferase cells were infected with the shSUZ12-, shEZH2-, or scrambled shRNA (shSc)-expressing retrovirus. Knockdown efficiency was confirmed by Western blots (a, original data are presented in [Supplementary Figure 2](#s1){ref-type="supplementary-material"}). The LTR activities of the knockdowned cells were examined by luciferase assay (n = 3, mean ± SD) (b). HeLa/LTR-luciferase cells with shSUZ12 or shSc were transfected with various dose of Tat expression plasmid DNA. The luciferase activity was evaluated at 24 hours post transfection (n = 6, mean ± SD) (c). HeLa/LTR-luciferase cells were transfected with the plasmid DNA encoding Tat or SUZ12. The luciferase activity was examined at 24 hours post Tat transfection (n = 6, mean ± SD) (d). (e--h) PRC2 contributes to HIV-1 silencing in U1 cells. The U1 cells were infected with the retrovirus expressing shEZH2, shSUZ12, or shSc. (e) Western blots confirmed depletion of EZH2 or SUZ12. Original data are presented in [Supplementary Figure 2](#s1){ref-type="supplementary-material"}. (g,f) ChIP assay showed PRC2 knockdown-associated alterations of the H3K27me3 level at *MYT1* promoter region and the various histone modifications at LTR region (n = 3, mean ± SD). (h) Relative *gag* RNA levels in shRNA-expressing U1 cells in the presence or absence of TNF-α (10 ng/ml, 48 hours) (n = 3, mean ± SD).](srep07701-f7){#f7}
